Aggregate formation of recombinant human erythropoietin (r-EPO) on heat-treatment was followed by gel permeation chromatography combined with a low-angle laser light scattering technique under various conditions with respect to pH and salt concentration in order to provide basic knowledge about the change strictly required to be monitored for medicinal proteins. When heated at 60'C at neutral pH, an aggregate with a limited size consisting of about 20 r-EPO molecules was formed. On heating at 50'C at acidic pH, aggregation was unlimited. The aggregation proceeded non-covalently in acidic pH, but in alkaline pHcovalent bond formation was also involved. Increase in salt concentration enhanced the aggregation. Deglycosylation of the iV-linked oligosaccharides made r-EPO remarkably susceptible to aggregation on heat-treatment, indicating that the carbohydrate chains are essential to the stability of r-EPO.
Erythropoietin (EPO) is a hormone protein produced mainly in adult kidney and fetal liver cells (1) (2) (3) (4) , and acts upon bone marrow to regulate the number of red cells through stimulation of erythropoiesis (5) . Production of EPO through purification from the urine of patients with aplastic anemia (6) is now replaced by that of recombinant EPO using Chinese hamster ovary cells (7, 8) . EPO thus obtained (abbreviated hereafter as r-EPO) was confirmed to be identical to that of human origin with respect to amino acid sequence. In brief, r-EPO is a single polypeptide protein consisting of 165 amino acids with two disulfide bonds as well as a sulfhydryl group. It has four oligosaccharide chains, among which three are 2V-linked to Asn and one is O-linked to Ser, and the carbohydrate chains account for 40% (w/w) of the r-EPO (9) (10) (11) . The structure and composition are indistinguishable from those of urinary EPO except for a slight difference in sialylation. Physicochemical characterization of r-EPO has been carried out by Davis et at with respect to circular dichroism, fluorescence, phosphorescence, hydrodynamic effective size, and molecular weight by sedimentation equilibrium (12) . An X-ray crystal analysis of EPO has not been reported.
For medicinal use, r-EPO must be free from aggregate formation during storage or manipulation. It was expected that covalently bonded aggregates would have lower activity than the intact form and might be antigenic. No marked 1 A part of this work was carried out at the Institute for Protein Research, Osaka University by Y.E. during his stay at the Institute as a visiting research associate. Abbreviations: CD, circular dichroism; GPC, gel permeation chromatography; LALLS, low-angle laser light scattering; M.W., molecular weight; r-EPO, recombinant erythropoietin; SDS, sodium dodecyl sulfate.
aggregate formation was, however, observed under the conditions of normal storage. To obtain knowledge about the mode of aggregate formation under unusual conditions, an acceleration test was required. Accordingly, aggregate formation on heat-treatment was investigated in the present study. High-performance gel permeation chromatography 2 combined with low-angle laser light scattering (GPC-LALLS) was utilized to detect the aggregate formation. We have been engaged in improvement of the above technique (13) (14) (15) , and have shown it to be quite efficient for detection of aggregate formation on heat-treatment of ovalbumin (16) . The present study provides an example of the efficiency of the technique for monitoring of aggregation of recombinant proteins for medical applications.
MATERIALS AND METHODS
Erythropoietin-Chinese hamster ovary cells were transformed with an expression vector which harbors the human erythropoietin cDNA (17) . This expression vector also contains a dihydrofolate reductase minigene so that stable transfectants can be grown in the presence of methotrexate. Erythropoietin was purified from the conditioned medium of those cells according to the method of Miyake et at (6) with addition of a fractionation step on a C« reversephase column (17) .
Deglycosylation-The carbohydrate moiety of the r-EPO molecule was cleaved as follows. To a solution containing 1.5 mg of r-EPO in 1.5 ml of 0.55 M sodium phosphate buffer, pH8.6, containing 5mM EDTA, the following components were added successively: 375 ft\ of 75% nonionic surfactant (NP-40), 750 //I of 1% SDS, and 9.5 units of iV-glycanase from Flavobacterium meniigospeticum (Genzyme Endoglycosidase F). The reaction mixture was kept at 37*C for 24 h. The digest was applied to a column (0.46 X 25 cm) of TSK ODS-120T (Tosoh), and the column was eluted with a linear gradient of acetonitrile at a flow rate of 1 ml/min. The concentration of trifluoroacetic acid in the solvent was maintained at 0.1%. Fractions containing iV-deglycosyl r-EPO were dialyzed against 10 mM phosphate buffer, pH 7.2, containing 0.1 M NaCl at 5'C for 24 h, and concentrated to 1 mg/ml by ultrafiltration using a Centrisart I (Sartorius).
Determination of Specific Extinction Coefficient-r-EPO at a concentration of about 1 mg/ml in 0.1 M phosphate buffer solution, pH 7.4, was desalted by passage through a reverse phase high-performance liquid chromatography column (TSK ODS-120T 0.46 X 25 cm, Tosoh). The protein fraction in the eluate was freeze-dried, and the powder obtained was dried at 105*C under vacuum for 48 h according to the procedure of Kupke and Dorrier (18) . The UV spectrum of a solution obtained by dissolution of the powder in 10 mM phosphate buffer, pH 7.8, containing 400 mM NaCl was measured to determine the absorption coefficient at 280 run for a 1% solution. The specific extinction coefficient of r-EPO was thus determined to be 7.28 at 280 nm for a 1% (w/v) solution.
Gel Permeation Chromatography-A TSK-gel G3000SW column (7.5x600 mm, Tosoh) equipped with a TSK-gel GSWXL guard column (7.5 X 75 mm, Tosoh) was used for Fig. 1 separation of molecular species in a sample solution with respect to molecular size. Aggregates formed on heat-treatment could thus be successfully separated before inflow into the measuring system. The columns had been equilibrated with 50 mM sodium phosphate buffer, pH 6.8, containing 100 mM NaCl and 0.02% sodium azide. The same buffer solution was used for elution.
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Monitoring of Elution with Respect to Molecular Weight-Elution from the column was monitored by means of the following detectors connected in series: a UV spectrophotometer (UV detector), a low-angle laser light scattering photometer (LS detector: light source, He-Ne 633 nm), and a differential refractometer (RI detector). Specification and arrangement of the instruments and peripheral equipment are indicated in Fig. 1 . Details and performance of the measuring system have been described elsewhere (14, 19) . The following proteins were used as molecular weight standards in GPC-LALLS: yeast glutamate dehydrogenase, hog heart muscle lactate dehydrogenase, yeast enolase, yeast adenylate kinase, cytochrome c (Oriental Yeast), bovine serum albumin (Armour Pharmaceutical), ovalbumin (Sigma), bovine carbonic anhydrase (Sigma), and bovine pancreatic ribonuclease A (Sigma).
Determination of Molecular Weight of r-EPO-Outputs of the three detectors, which will hereafter be denoted as (UV), (LS), and (RI), can be related to the molecular weight of a sample protein according to the following equation (14) .
M=kx(LS)(UV)/(dn/dc)(RI)
(1) This expression is valid when both the protein concentration and the scattering angle are low enough to allow neglect of the concentration-dependent terms in the Rayleigh light scattering equation found in most textbooks. These requirements are satisfied in most cases, when the measuring system shown in Fig. 1 is utilized. The value of the specific refractive increment, (dn/dc), can be assumed to be proportional to (RI)A/(UV), where A is the specific absorption coefficient of the sample. Equation 1 can accordingly be modified to give the following equation.
M=k'X(LS)(UV)/A(RI)
(2) For simple proteins or proteins with a negligible amount of non-amino acid component, Eq. 2 can be simplified to give the following equation.
M=k"X(LS)/(RI)
SDS-polyacrylamide gel electrophoresis was performed with a Phast System (Pharmacia-LKB) using Phast-gels (gradient 10-15%, 43x50x0.45 mm; Pharmacia-LKB).
The gels were stained with Coomassie Brilliant Blue R-250 (Pharmacia-LKB). CD spectra were measured with a JASCO J-500A 8pectropolarimeter (Jasco) at room temperature. Mean residue molar ellipticity, [ 0], was calculated using a mean residue weight of 110 for the protein moiety of r-EPO. Figure 2 shows a set of elution curves obtained by the three detectors for r-EPO (A) and another for a mixture of four standard proteins (B). r-EPO was eluted giving a symmet-rical peak at 28 min in each of the elution curves. Another noisy peak was observed at an elution time corresponding to the void volume (5 ml) of the column only for the curve obtained by the LS-detector. The additional peak can be ascribed to the presence of an extremely small amount of strongly scattering particles such as protein aggregates, dust particles and air bubbles. Figure 3 shows plots of the (LS)/(RT) ratios for the total of eight standard proteins and the (LS)( UV)/A(RI) 2 ratios (see Eq. 2 in "MATERIALS AND METHODS") for seven proteins against their molecular weights. The maximum height of each peak in elution curves like Fig. 2B was assumed to be the output value in Eqs. 1 to 3. Straight lines were obtained for both of the plots, indicating that the equation is applicable to proteins containing a very minor amount of non-amino acid components as well as simple proteins. In the case of r-EPO, we used Eq. 2 since r-EPO is a protein rich in carbohydrate. Actually the molecular weight of r-EPO was determined using the upper line in Fig.  3 as a calibration line, and was thus determined to be 28,000. The value is in agreement with the value of 29,000 calculated from the amino acid sequence and the carbohydrate content of r-EPO (20) .
RESULTS

Elution Patterns of r-EPO and Standard Proteins-
Aggregate Formation on Heating-A solution of r-EPO in a volume of 2 ml at a concentration of 1 mg/ml in 10 mM sodium phosphate buffer, pH 7.4, containing 400 mM NaCl, was kept at 60"C, under gentle stirring in a poly- Retention Time (min) propylene tube of 15 ml internal volume, and aliquots were sampled and applied to the GPC-LALLS system. Figure 4 shows a set of typical examples of the change of the elution patterns of r-EPO with time of incubation (from the column) as monitored by the UV detector. At first, a new peak appeared at 26 min (peak 2), increasing its area until 10 h, in addition to the peak at 28 min assignable to the intact r-EPO (peak 1). The peak was sharp and symmetrical. Then another peak appeared in front of peak 2. This peak was broad and its centroid progressively shifted to shorter elution time.
The following conclusion was obtained by analysis of the change of the elution patterns with time for each set of elution curves obtained by the three detectors (not shown: the patterns are essentially similar to those which are shown in Fig. 4 ): 1) as is apparent from the comparison with Fig. 2A , peak 1 could be assigned to native r-EPO; 2) analysis of peak 2 according to Eq. 2 gave a constant molecular weight of 60,000 throughout the central region of the peak; 3) similar analysis indicated that peak 3 comprises aggregates of r-EPO for which the estimated molecular weight decreased from 450,000 to 100,000 with the elution time.
Effect of Temperature on the Aggregate Formation-To make the effect of temperature clearer, r-EPO was kept at 40 and 80'C and under otherwise the same conditions. The obtained two sets of elution curves are shown in Fig. 5 . At 40'C the aggregation proceeded very slowly (Fig. 5A) . Large aggregates were eluted at 18 min which corresponds to the void volume, but were only detected by the LSdetector even after 1 month. Peaks 1, 2, and 3 in Fig, 5A were identified as the monomer, dimer, and oligomer with molecular weights similar to that of peak 2 in Fig. 4 , respectively. When kept at 60*C, r-EPO aggregated progressively, as is clear from Fig. 4 .
Progress of the aggregation was unlimited at 80"C (Fig.  5B) . After heating for 4h, the aggregate was a major component eluted at the void volume. Figure 6 shows the CD spectra of r-EPO at various temperatures. The far-UV CD spectrum is characterized by a minimum at 208 run and a negative shoulder around 222 nm. The bands at 208 and 222 nm can be attributed to the presence of a--helix. The a-helix content of native r-EPO was estimated to be about 53% according to the procedure of Greenfield and Fasman (21) . Appreciable change was observed in the CD spectra only above 60'C.
Effect of pH-r-EPO was kept at 50*C for 4 days at pH 4.2, 6.0, 7.4, and 8.9, and aliquots were applied to the GPC-LALLS system. From the elution patterns obtained by the UV-detector, the residual percentages of the monomeric r-EPO were estimated to be 23, 99, 92, and 60%, respectively. Clearly r-EPO is stable in the neutral pH region, but unstable outside this region. The isoelectric 30 20 Retention Time (min)
Fig. 7. Elution patterns of iV-deglycosyl r-EPO (A) and after heat treatment at 50*C for 1 h (B). 1, N-deglycosyl r-EPO; 2, highly polymerized aggregates of iV-deglycosyl r-EPO.
point of r-EPO ranged between 2.80 and 4.55 (20) . At pH 4.2, aggregates of r-EPO were formed rapidly to give a peak eluted at the void volume. Molecular weight was estimated to be 1,700,000 at the elution time corresponding to the peak top. In addition, peaks assignable to dimers and oligomers consisting of 3 to 20 monomers were observed. Only the monomeric species, however, was detected by analysis of the r-EPO preparation kept at pH 4.2 by SDSpolyacrylamide gel electrophoresis, regardless of the presence or absence of mercaptoethanol. The CD spectrum of the r-EPO preparation in the far-UV region showed a slight decrease in the depth of the trough. These results indicate that r-EPO molecules suffer a slight conformational change, and form aggregates noncovalently.
On the other hand, formation of dimers, oligomers, and higher aggregates proceeded slowly at pH 8.9. Analysis of the preparation by SDS-polyacrylamide gel electrophoresis in the absence of mercaptoethanol showed the presence of aggregates as a major component. Addition of mercaptoethanol converted most of the aggregates into the monomer, but appreciable amounts of oligomers and aggregates were found to remain. Effect of Salt Concentration-r-EPO was kept in 10 mM sodium phosphate buffer, pH 7.1, at 50'C containing NaCl at 0.05, 0.5, or 4 M, and aliquots were applied to the GPC-LALLS system. From the elution patterns obtained by the UV-detector, the residual percentages of the monomeric r-EPO were estimated to be 54, 80, and 22% after 72 h.
In the presence of 4 M NaCl, r-EPO formed aggregates rapidly. The molecular weight estimated for the peak top was higher than 1,000,000.
Effect of Removal of the Carbohydrate Chains-The iV-linked glycosyl groups comprising 90% (w/w) of the glycosyl groups and 36% (w/w) of the total weight of r-EPO were removed by digestion with iV-glycanase. Deglycosylation of iV-linked glycosyl groups was confirmed by molecular weight measurement using SDS-polyacrylamide gel electrophoresis and GPC-LALLS. No difference was observed in CD spectra between r-EPO and iV-deglycosylated r-EPO, indicating that deglycosylation had no effect on the folding of the polypeptide of the r-EPO molecule.
iV-Glycosylated r-EPO was analyzed by GPC-LALLS before and after heat-treatment at 50'C. The elution pattern before heating was apparently similar to that obtained for native r-EPO and shown in Fig. 7A . In accordance with the expected decrease in molecular size, iV-deglycosylated r-EPO was eluted at 32 min, significantly later than the intact one, which is eluted at 26 min. The molecular weight was found to have decreased by 9,000.
The molecular weight of iV-deglycosyl r-EPO was determined to be 17,500 by GPC-LALLS. The value is in agreement with that of ca. 19,000 calculated from the amino acid composition and the O-linked glycosyl group. Clearly iV-deglycosyl r-EPO is present in monomolecular form despite the removal of the iV-glycosyl chains. Aggregates eluted at the void volume were detected again only by the LS-detector. The peak of the aggregates was enhanced as a result of the digestion.
Although dust particles will also be eluted at the void volume, the observed acceleration of aggregation on heating clearly indicates that the iV-deglycosylation renders r-EPO more liable to aggregation. Figure 7B shows the elution curve obtained for iV-deglycosyl r-EPO after the heat-treatment. More than a half of iV-deglycosyl r-EPO formed aggregates. The molecular weight of the aggregate at the peak top was estimated to be approximately 4,000,000 by GPC-LALLS. A control run showed that only 60% (w/w) of the intact r-EPO forms aggregates when kept under the same condition for 10 days. detector is quite suitable for this purpose, since it can be used for monitoring elution from an HPLC-type gelpermeation column and is extremely sensitive to the presence of high molecular weight species because its output is proportional to the product of molecular weight and weight concentration. The detector has also been confirmed to be suitable for molecular weight determination of glycoproteins (22) . The recommended approach is as follows: 1) the molecular weight of the protein moiety of a glycoprotein is determined using the GPC-LALLS system with UV-, LS-, and Rl-detectors (knowledge of the extinction coefficient with respect to weight concentration of the protein moiety is prerequisite); 2) the molecular weight of the total glycoprotein can be estimated from the above molecular weight and the carbohydrate content determined otherwise. In the present case, the molecular weight of r-EPO was found to be estimated correctly.
DISCUSSION
Usefulness of the GPC-LALLS Technique
Detection of Aggregates-r-EPO was found to be fairly stable at room temperature. Even in this condition, the LS-detector was sensitive enough to detect materials of very large molecular weight eluted at the void volume. We tentatively assigned this peak to highly aggregated r-EPO present in such a small amount that only the LS-detector could detect it. However, such a peak could also be observed as a result of contaminating dust particles and minute air bubbles. Clearly the GPC-LALLS technique is highly suitable for the detection of a minute amount of protein aggregates, though reliable data can be obtained only if experiments are carried out taking extreme care to avoid an artifactual peak at the void volume. Quantitative estimates of aggregates eluted at the void volume were not required in the present study, and will need future examination.
Dual Results of Heating of r-EPO-
The present results demonstrated that the products of heat-treatment of r-EPO are quantitatively different depending on whether the heating was done below or above 60"C. Below 60'C, association of the r-EPO molecules on heating was limited. No appreciable change was observed at temperatures below 60'C by SDS-polyacrylamide gel electrophoresis. As shown in Fig. 5A , major products were dimers and oligomers that were relatively homogeneous with respect to the degree of association. The latter was presumed to be a molecular assembly of about twenty r-EPO molecules in which the conformation has been slightly changed. As judged from examination of the product of heating by SDS-polyacrylamide gel electrophoresis, the association proceeds essentially through non-covalent interactions, with hydrophobic interaction playing a major role.
Above 60*C, association of the r-EPO molecules seems to occur progressively, becoming unlimited. The CD spectra shown in Fig. 6 indicate that r-EPO undergoes a slight conformational change above 60'C. We have interpreted the observed irreversible aggregation with reference to the conformational change. As is typically shown in Fig. 5B , a highly aggregated component became predominant on heating at 80'C. As is clear from a comparison of Fig. 4 with Fig. 5 , heating at 60'C gave a result intermediate between heating at 40 and 80'C. The CD spectra observed at 70 and 80°C might have suffered minor deformation due to the increased light scattering.
Models of Association on Heating of r-EPO-
The r-EPO molecule is rich in nonpolar amino acids (Leu26, Alal9, Valll, Gly9, Ile5, Phe4), but contains four glycosyl chains which are highly hydrophilic, amounting to 40% (w/w) of the total weight. Since the r-EPO molecule is negatively charged in the neutral pH region, having isoelectric points ranging between 2.80 and 4.55. Most of the nonpolar amino acid residues are presumed to be buried in the molecule. As is clear from the observed molecular weight, the native r-EPO molecule is present as monomers at neutral pH. Heating at a temperature just below 60°C is presumed to bring about partial unfolding of the molecule, leading to intermolecular interaction. The interaction may be mainly hydrophobic, but intermolecular /9-structure formation might be involved, as is usual in heat-denaturation (16) .
The presence of bulky glycosyl chains as well as the limited structural change in the molecule will limit, the progress of association. The major product of mild heattreatment is thus presumed to be a micelle -like molecular assembly schematically illustrated in Fig. 8 . The periphery of the assembly is covered with hydrophilic glycosyl chains, and the inside is filled with the protein moiety, where hydrophobic amino acid residues have been exposed as the result of partial denaturation.
In an acidic solution, extensive aggregation was observed. Davis et al. showed by CD study that r-EPO is significantly denatured at acidic pH (21) . The observed extensive aggregation may be ascribed to both the decrease in electrostatic repulsion between the molecules at acidic pH and the extensive unfolding.
In an alkaline solution, aggregation proceeded slowly, but the product was extensively covalently crosslinked as judged from the result obtained by SDS-polyacrylamide gel electrophoresis.
The high negative charge on the r-EPO molecule is mostly assignable to the iV-acetylneuramic acid chains. The acceleration of aggregation at 50°C and pH7.1 in the presence of 4M sodium chloride may be ascribed to suppression of intermolecular electrostatic repulsion.
The carbohydrate chains are presumed to protect r-EPO from denaturation and subsequent aggregation through making intermolecular contact of the protein moieties difficult due to electrostatic repulsion and steric exclusion. The r-EPO molecule mildly heat-treated at acidic pH seems to acquire amphipathic property. Thus the modified r-EPO molecules assemble to form micelle-like particles with homogeneous size.
The carbohydrate chains of iV-acetylneuramic acid have been shown to play an important role in the biological activity of the r-EPO molecule. Removal of the chains significantly decreased the in vivo activity (23) . Similar results have been reported for other glycoproteins. Gonadotropin and thyroid stimulating hormone lose their activity when their AT-acetyl neuramic acid carbohydrate chains are removed (24) (25) (26) (27) . The binding protein is the cellular receptor in liver, and it mediates the hepatic uptake of glycoproteins with carbohydrate chains terminated with mannose and AT-acetylglucosamine residue.
On digestion of iV-linked oligosaccharide chains with glycosidase, the biological activity of human EPO was lost as assayed with mice, but not as assayed with marrow cell culture (28) . The digestion was following by aggregation of the product of digestion.
On the other hand, asialo EPO and AT-deglycosyl EPO showed lower in vivo activity as assayed by counting immature reticulocytes in the blood sample and colony formation, but higher in vitro activity as assayed by incorporation of
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Fe into heme in cultured mouse or rat bone marrow cells and incorporation of [ 3 H]thymidine into DNA cultured mouse liver cells, as compared with intact EPO (29) (30) (31) . Heat-treatment of asialo-EPO and fully deglycosylated r-EPO at 70°C for 15 min decreased the in vitro activity (31) .
The observed decrease of in vivo activity was suggested to be the result of recognition of the asialo-EPO by the receptor on Achwell cells due to the exposure of galactose and uptake into the liver (32) . The galactose binding protein of hepatic cells is involved in the clearance of asialo-EPO (33). Dube et al. showed that the glycosylation of those specific sites of the polypeptide is critical for proper biosynthesis and secretion of EPO (34) .
The relationship between stability and carbohydrate chains of glycoprotein was previously studied by crossUnking reaction of carbohydrate chains. The cross-linked glycoprotein became much more resistant to denaturation by high temperature and changes in pH (35) .
The results presented here demonstrate that the carbohydrate chains of r-EPO play an important role in stabilizing the protein in solution. Aggregate formation of r-EPO was accelerated by removal of iV-linked oligosaccharide chains.
